been carried out for the case of a load-independent prime mover. The considered advanced model, aside from being compared with the conventional model, has been experimentally validated for two different-efficiency induction machines, both rated 1.5 kW.
Introduction
During the last decades, the substantial rise in energy demand has resulted in growing production and use of fossil fuels for power generation. However, this raised many environmental concerns so, consequently, renewable energy sources have been receiving increasing attention. In this context, wind energy conversion systems (WECS) have emerged as one of the most promising alternatives to conventional power generation systems [1] . In remote, small-power WECS, self-excited induction generators (SEIG) are often recognized as a lowcost alternative to permanent-magnet synchronous generators. This is due to their simple and rugged construction, low maintenance, small size and inherent protection against overloads and short-circuits. However, in off-grid operation, the SEIG requires external capacitors for excitation. In addition, both the magnitude and frequency of its terminal voltage significantly vary with the applied load and the speed of the prime mover. To compensate for this variation, various control schemes have been proposed [2] [3] [4] , but this subject is out of the scope of this research.
The iron losses and the stray load losses (SLL) represent the two loss components that are most often neglected in induction machine (IM) models. Both these losses are identifiable from the tests imposed by the international standards IEEE 112-B [5] and IEC 60034-2-1 [6] . Habitually, about 1-4% of the IM rated power is assigned to the iron losses, whereas 0.5-3% of the IM rated power is assigned to the SLL at full load [7] . The negative impact of the iron losses and the SLL -as well as of any other type of losses -on the IM's efficiency, loading capacity, operating temperature, and expected lifetime is self-evident. In addition, their negative impact on the IM vector control in terms of misalignment of the reference vector was reported in [4, 8, 9] , so the importance of their assessment is not to be underestimated.
The iron losses are standardly modeled in IM equivalent circuits by means of the equivalent resistance, R m , placed in parallel with the main inductance, L m [8] [9] [10] . However, in this way the number of the first-order differential equations describing the IM is increased by two compared to the conventional model. This problem can be circumvented by shifting the iron-loss resistance in front of the stator leakage inductance, as first proposed by Shinnaka in [11] . The Shinnaka configuration was later considered and experimentally verified in [4, 12, 13] .
In those very few papers that consider the SLL as part of the IM equivalent circuit, the corresponding equivalent resistance is usually placed in parallel with the stator and/or rotor leakage inductance [8, 14] , thus additionally increasing the order of the IM model. An alternative SLL configuration in which the stray-loss resistance is placed in series with the stator phase resistance was proposed by Chang in [15] . The Chang configuration was also considered in [10] where its validity was proven experimentally. However, in this configuration, the iron-loss resistance is placed in parallel with the main inductance, so the previously mentioned problem, i.e., the increase of the IM model's order, is still present.
In [16] , the hybrid Shinnaka-Chang configuration was for the first time proposed for modeling of the IM iron losses and SLL. The model's validity was checked for the case of the unregulated SEIG. Dynamic performance was assessed for the case of a load-dependent prime mover, i. e., wind turbine (WT), whereas steady-state operation was assessed for the case of a load-independent prime mover in wide ranges of load and rotor speed. Here, the analysis is extended by addition of the simulation and experimental results obtained for the stator current and also by addition of the simulation results obtained for the SEIG loss distribution.
Modeling of a wind energy conversion system
The basic configuration of the considered WECS is shown in fig. 1 . The WECS consists of a WT coupled to an SEIG via a gearbox, a capacitor bank, and a resistive load, which is applied by closing the switch S. The fact that the considered WECS is lacking any means of controlling the SEIG terminal voltage is not relevant here because its main purpose is to serve as a means of verification of the proposed IM model. Figure 2 shows the equivalent circuits of both the conventional and the proposed dynamic SEIG model in the stationary reference frame (only α-axis). The proposed SEIG model takes into account both the iron and stray losses by means of the corresponding equivalent resistances -R m and R add , respectively. The configuration of the proposed equivalent circuit in fact corresponds to a hybrid Shinnaka-Chang configuration, as discussed before. The differential equations describing the conventional dynamic SEIG model are given:
Proposed SEIG model
The Thevenin equations for the elements in the dashed rectangle in fig. 2 (b) are defined:
,
Hence, the differential equations describing the proposed dynamic SEIG model are obtained by taking into account eqs. (1)- (12) and by simply introducing the substitutions R s →R sT , u sα → u sTα , u sβ → u sTβ , i sα → i sTα , and i sβ → i sTβ in eqs. (1)- (6) . Thus, the resulting model is of the same order as the conventional model.
Determination of IM model parameters
In this research, two squirrel-cage IM (4-pole, star-connected, rated 1.5 kW) with diecast aluminum rotor are considered: one of the efficiency class IE1 (in the following: IM1) and the other of the efficiency class IE3 (in the following: IM2), according to IEC 60034-30-1 [17] .
The magnetic saturation, being essential for the operation of the SEIG, is accounted for by representing the main inductance, L m , as variable with respect to the magnetizing current, I m . This variation is determined from the no-load test. Figure 3 shows the measured magnetizing characteristics obtained for the two considered IM, along with the corresponding approximation curves. Since the main inductance is rather difficult to determine with high accuracy for low values of the magnetizing current, it is within this unsaturated region approximated by a constant value (depicted by the dashed lines in fig. 3 ). By this, the validity of the model is to some extent sacrificed for simplicity and numerical stability. On the other hand, steady-state operating points of any SEIG are always located in the saturated region.
In order to determine the SLL, the standards IEEE 112-B and IEC 60034-2-1 require performing thermal test at the rated load, no-load test, and variable-load test at rated thermal conditions [5, 6] . Here, the measurements were repeated three times for each load torque value, whereas high measurement accuracy was ensured by utilizing the power analyzer Norma 4000 (Fluke) and the torque transducer TMB 308 (Magtrol). Figure 4 shows the corrected SLLs versus the load torque squared characteristics determined for the two considered IM [5, 6] .
The R add value is derived from the no-load and variable-load test data. With the full theoretical background provided in [10] , only the final expression is here given:
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In the proposed model, fig. 2(b) , the stray-loss resistance takes its share of the total noload losses, so the actual iron losses, P Fe , are determined by subtracting the stray no-load losses from the conventional iron losses [10] (the stator phase resistance ratio in eq. (14) provides a quick temperature correction of the stray-loss resistance): Figure 5 shows the conventional and actual iron losses versus the stator flux linkage magnitude (in the following: stator flux). In both IM, the conventional iron losses at rated stator flux are of about the same value as the SLL at rated torque. The R m value was calculated from eq. (15) for the values of Q 0 , P Fe , and I s,0 that correspond to the rated stator flux (the ellipse in fig. 5 ).
Wind turbine model
Wind turbines convert the kinetic energy of the wind into mechanical energy handed over to an electric generator shaft. The ratio between the WT mechanical power, P WT , and the wind power, P w , is defined as the power coefficient, C p . This coefficient depends on the blade pitch angle and the tip speed ratio, λ, which is in turn defined:
Small WT, as is the one considered in this paper, usually have constant pitch angle, which leaves C p depending solely on λ. By taking this into account, the power coefficient can be approximated by the following generic equation [18] [19] [20] 
The coefficients c 1 to c 5 depend on the aerodynamics of the blades and c 1 = 0.294, c 2 = 85, c 3 = 5.3, c 4 = 14.5, and c 5 = 0.00068 were assigned, respectively. The guiding principle for selecting these values was to obtain a typical small WT that is suitable for the analyzed IM. This yielded a WT of the following rated values: P t = 1.5 kW, v w = 11 m/s, ω WT = 44 rad/s, and R = 1.5 m (λ = 6).
The mechanical torque produced by the WT is given by:
Note that in the considered WECS ( fig. 1 ), the WT rotor is not coupled directly to the generator. A gearbox is inserted to adapt the WT to the SEIG so the mechanical torque and the rotor speed delivered to the SEIG shaft at the rated wind speed conditions closely correspond to the rated torque and speed values of the used IM (i. e., about 10 Nm and 1400 rpm, respectively). The resulting characteristics of the SEIG mechanical torque versus the SEIG rotor speed were obtained as in fig. 6 .
Results and discussion
The simulation model of the WECS was built in the MATLAB/Simulink. The proposed SEIG model was built based on the respective differential equations, whereas the conventional SEIG model is then obtained by setting R add to zero and R m to infinity (i. e., to a very large value, for practical reasons). The simulation model of the WT including the gearbox is shown in fig. 7 (GBr denotes the gearbox ratio). The WT emulator was developed as part of the WECS experimental setup by using a separately-excited speed-controlled DC motor. The corresponding emulation algorithm was executed by using the DS1104 controller board; the IM's mechanical torque was measured by means of the torque transducer TMB 308. Figures 8 and 9 show the time responses of the selected WECS's variables to changes in wind speed and load, recorded for the two IM. The excitation capacitance was set to 50 μF per phase, whereas two distinct values of the load resistance were used, namely 220 Ω and 110 Ω per phase.
Dynamic performance analysis
The observation starts at the wind speed of 4 m/s. The corresponding rotor speed is evidently insufficient to initiate the voltage buildup given the used capacitors, so the buildup process was initiated only after the ramp increase in wind speed, and consequently in the rotor speed, starting at t = 5 second. The WECS variables settled at new steady-state values after a short transient period of magnetization. These transients are not subject to consideration here since their analysis would require accurate knowledge of the residual flux in the IM rotor and the initial voltage across the capacitors. The application of load at t = 15 second resulted in the voltage drop of about 40%. However, this was still enough to allow an increase in the torque and, consequently, a decrease in the rotor speed (as per fig. 6 ). The transient period preceding this new steady state is characterized by quickly damped oscillations. The same is valid for the transient period following the application of a more severe load at t = 25 second. This time the voltage dropped by another 30% (this is the approximate value), thus approaching the point of demagnetization. As a consequence, the SEIG torque was reduced and the rotor speed increased. Another ramp increase in the wind speed occurred at t = 35 s, followed by an increase in all the observed variables. Finally, as the wind speed started to drop to 4 m/s, both of the IM started to demagnetize. By comparing the simulation and experimental responses it is evident that the proposed WECS model better describes the actual system than the conventional model does. This assertion is valid not only for steady-state operation but for transient periods as well, and for both considered IM. Figures 10 and 11 show the steady-state characteristics of the selected SEIG variables, whereas figs. 12 and 13 show distribution of the SEIG losses as a function of the load torque. In this case, a prime mover with the load-independent speed was utilized.
Steady-state performance analysis
The maximum speed used for each of the load settings in figs. 10 and 11 approximately corresponds to the rated IM voltage (230 V), whereas the minimum speed is the one at which the SEIG is on the verge of demagnetization. Note also that under no load condition, the output power is zero. The comparison of the simulation and experimental characteristics confirms the superiority of the proposed model for both considered IM. Moreover, the errors introduced by the conventional model seem to increase with load, whereas the proposed model provides fairly accurate assessment of the actual characteristics regardless of the applied load. The only notable differences with respect to the two IMs used concern the achieved speed range and efficiency. Namely, IM2 exhibits somewhat narrower speed range compared to IM1, but on the other hand it expectedly exhibits somewhat higher efficiency.
Higher efficiency class of an IM implies lower total losses, which is confirmed by the results presented in figs. 12 and 13. The rotor copper losses evidently increase with the load torque (i. e., slip), whereas the stator copper losses slightly decrease due to a decrease in the generated stator current. For the same reason, the SLL, seemingly paradoxically, slightly decrease with the increase in load. The iron losses practically do not change with the load, but they increase notably with the rotor speed (i. e., stator frequency). Finally, using the conventional SEIG model inevitably leads to underestimation of the total SEIG losses -in some cases by as much as 130 W. 
Conclusions
The advanced dynamic model of the SEIG that is considered in this paper takes into account the fundamental iron losses and SLL without increasing the model's order -as compared to the conventional IM model. The respective equivalent resistances are assumed constant, with their values being easily obtained from the tests imposed by international standards. Moreover, no knowledge of the IM materials or geometry is required in the process.
By neglecting the iron losses and/or the SLL in the IM model, considerable errors may be induced in the assessment of the actual SEIG performance. This was proven to be true -based on the comparison of the simulation and experimental results obtained for generated voltage, power, torque, etc. -not only for the standard-efficiency IM, but for the premium-efficiency IM as well. For example, it turned out that the conventional SEIG model may underestimate the total IM losses, as compared to the proposed model, by as much as 8.7% (IM1) and 7.5% (IM2) of the IM's rated power.
The proposed model is recognized as suitable for the development of vector control algorithms since such algorithms are all in essence based on the fundamental harmonic component of IM variables, but this is the subject of future research.
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